Cathepsin S was purified from carp hepatopancreas to homogeneity up to 300-fold. The amino acid sequence of its NH 2 -terminus was determined to be V-
INTRODUCTION
Cathepsin S (EC 3.4.22.27), a lysosomal cysteine protease of endo-type, was purified from bovine lymph nodes originally 1 and has been purified from bovine, rabbit, rat and human tissues. [2] [3] [4] It was found that cathepsin S shares a similar enzymatic property with cathepsin L (EC 3. 4.22.15) . They have a high specific activity towards protein substrates, and phylogenetically as well. [5] [6] [7] However, cathepsin S differs from cathepsin L because it is a single chain enzyme like papain. [2] [3] [4] Furthermore, it differs from other endo-type lysosomal cysteine proteinases since it is stable and active at neutral pH. Cathepsin S is active toward proteins and synthetic peptide substrates over the range of pH 5.0-8.0. 8 This property seems to be extremely important in physiological function and in food science concerning the autolysis of post-mortem phenomena in muscle protein.
To date there have been many studies about complete purification of cathepsins B (EC 3.4.22.1) and L in fish organisms. [9] [10] [11] [12] [13] It was believed that the two enzymes occur post-mortem in fish muscle tenderization since myofibrillar proteins of various fish were hydrolyzed by cysteine proteases. [14] [15] [16] [17] However, there is no report about cathepsin S, cysteine protease, having an endo-type hydrolytic activity in neutral pH in fish. The purpose of the present study is to purify the novel cathepsin S from hepatopancreas of carp, Cyprinus carpio and some characteristic studies including amino acid sequence.
MATERIALS AND METHODS

Materials
Cultured carp (body weight 800-900 g) were purchased from a commercial supplier. After decapitation and evisceration, all tissues were separately collected. 
Chemicals
S-Sepharose
Assay of cathepsin S activity
Cathepsin S activity was measured using Z-Phe-Arg MCA by the method of Kirschke et al. 2 with a slight modification. The reaction mixture, which contained 650 mL 100 mM sodium phosphate buffer, pH 7.0, containing 2 mM EDTA, 50 mL 40 mM cysteine and 100 mL enzyme solution was pre-incubated for 1 min. The mixture was successively incubated for 10 min at 37°C after addition of 200 mL of 25 mM Z-Phe-Arg-MCA. The reaction was stopped by 1.0 mL of the stopping solution of 100 mM acetate buffer, pH 4.3, containing 100 mM sodium chloroacetic acid. The release of 7-amino-4-methylcoumarin (AMC) was determined spectrofluorometrically by JASCO FP770 spectrofluorometer at excitation of 380 nm and emission of 450 nm. One unit of the enzyme activity was defined as the amount of activity which releases 1 mmol of AMC.
Determination of protein
Protein concentration was determined by the method of Lowry et al. 18 and bicinchonic acid (BCA) method following the procedure recommended by the company with bovine serum albumin as the protein standard.
Purification of cathepsin S
The purification method of cathepsin S was done following the method as described by Kirschke et al. 2 with a slight modification. About 200 g of frozen carp hepatopancreas were thawed at 4°C, minced, and homogenized with threefold of 50 mM sodium acetate buffer pH 4.2 containing 1 mM EDTA, 50 mM NaCl and 1 mM DFP using a Polytron homogenizer (Kinematica, Kriens/Luzen, Switzerland). The homogenate was centrifuged at 7000 g for 30 min to get a crude extract. The fraction precipitated with 20-80% saturation of ammonium sulfate was dissolved in a minimum volume of 20 mM sodium acetate buffer, pH 5.5, containing 1 mM EDTA, then dialyzed against the same buffer. After centrifugation at 12 000 g for 30 min, the supernatant was applied to an S-Sepharose Fast Flow column (2.6 ¥ 45 cm) equilibrated with the same buffer as in dialysis, and the enzyme was eluted with a linear gradient of 0-0.5 M NaCl in the same buffer (Fig.  1a) . The main active fraction of cathepsin S was eluted in the unadsorbed fractions and was separated from cathepsins B and L which were eluted in the adsorbed fractions on the column. The enzyme concentrated by use of a YM-10 membrane was subjected to a Sephacryl S-200 column (1.6 ¥ 91 cm) equilibrated with 20 mM sodium acetate buffer pH 7.0 containing 1 mM EDTA and 0.2 M NaCl. The active fraction was collected, concentrated, and dialyzed against 20 mM sodium phosphate buffer, pH 7.0, containing 1 mM EDTA. The dialyzed enzyme was applied to a Q-Sepharose Fast Flow column (1.6 ¥ 30 cm) which was equilibrated with the same buffer as in dialysis. The unadsorbed material was washed out with the same buffer, and the adsorbed enzyme was eluted with a linear gradient of 0-0.5 M NaCl in the same buffer (Fig. 1b) . The active fraction was collected, concentrated, and applied to a Protein-Pak 125 column on HPLC equilibrated with 20 mM sodium phosphate buffer, pH 7.0, containing 1 mM EDTA and 0.2 M NaCl (Fig. 1c) .
Purification of cathepsin L
Cathepsin L was purified from carp hepatopancreas using the method of Aranishi et al. 11 to determine the amino acid sequence of its NH 2 -terminus.
Sodium dodecylsulfate-polyacrylamide gel electrophoresis
Sodium dodecylsulfate-polyacrylamide gel electrophoresis was performed essentially according to the procedure of Weber and Osborn. 19 Proteins in the gel were stained with Coomassie Brilliant Blue.
Amino acid sequence analysis
Purified enzyme was applied to SDS-PAGE. After blotting of the enzyme onto Immobiron-P SQ transfer membrane, the amino acid sequence of its N-terminus was determined with a Perkin Elmer 492 Procise Protein Sequencing System (Applied Biosystems, Foster City, USA).
Estimation of molecular mass
The molecular mass of cathepsin S was estimated by gel filtration on a Protein-Pak 125 column using an HPLC system, and also estimated by SDS-PAGE.
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Preparation of myosin and degradation of myosin by cathepsin S
Crude myosin was prepared by the method of Takashi et al. 20 with a slight modification. The prepared myosins were washed with various buffers (pH 5-9) containing 2 mM cysteine and 2 mM EDTA. Each of the myosins (20 mg) in various buffer was incubated at 37°C with purified enzyme (0.1 mg), and the reaction mixture was boiled for 3 min with 20 mM Tris-HCl buffer, pH 8.0, containing 8 M urea and 2% SDS, then applied to SDS-PAGE to analyze the hydrolysis of myosin.
RESULTS
Purification of cathepsin S
The results of purification of cathepsin S are shown in Table 1 . The elution profiles of cathepsin S activity on S-Sepharose Fast Flow, Q-Sepharose Fast Flow and Protein-Pak 125 column chromatographies are shown in Fig. 1a-c . On an S-Sepharose Fast Flow column, the main active fraction of cathepsin S was eluted in the unadsorbed fractions and was efficiently separated from cathepsins B and L which were eluted in the adsorbed fractions on the column. The result of cathepsin S purification from carp hepatopancreas is summarized in Table 1 . The enzyme was finally purified about 300-fold with 0.7% of recovery. From 200 g of carp hepatopancreas, 0.1 mg of the purified enzyme was obtained.
The homogeneity of the final preparation checked by SDS-PAGE in Fig. 2 was evidenced by a single protein band.
Estimation of molecular mass of cathepsin S
The molecular mass of the enzyme was estimated to be 37 kDa by SDS-PAGE under conditions with 2-mercaptoethanol and to be 40 kDa by gel filtration on Protein-Pak 125 column.
Amino acid sequence of cathepsins S and L
The amino acid sequences of NH 2 -terminus of purified cathepsins S and L were determined to be 19 and 11 
᭣
The enzyme was stable between pH 7.0 and 8.0, but unstable below pH 4.0 or over pH 10.0 (Fig. 4b) after pre-incubation at 20°C for 24 h.
Effect of pH of cathepsin S for degradation of myosin heavy chain
Degradation of myosin heavy chain (myosin HC) as a protein substrate at various pH was investigated. The hydrolysate of myosin by cathepsin S was subjected to 7.5% SDS-PAGE gel to check the degradation. The enzyme hydrolyzed myosin HC in a time-dependent manner at pH 7.0 (Fig. 5a ). The degradation products derived from 1 h, and myosin HC from 2 h incubation disappeared. This hydrolysis was completely inhibited by E-64 (data not shown).
As shown in Fig. 5b , the pH optimum of the enzyme for hydrolysis of myosin HC was 7.0 (37°C, 2 h incubation), and the hydrolytic activity decreased markedly below pH 6.0.
Substrate specificity of cathepsin S
Substrate specificity of carp cathepsin S was examined using a wide variety of MCA substrates. The enzyme had strong hydrolytic activity toward Z-Phe-Arg-MCA, and slight hydrolyzed Boc-Val-Leu-Lys-MCA (14%) as compared with Z-Phe-Arg-MCA (Table 2) . However, the enzyme hardly hydrolyzed the other synthetic substrates tested.
Effect of protease inhibitors
As shown in Table 3 , the enzyme activity was inhibited by PCMB, and completely inhibited by E-64, antipain, leupeptin, DTNB and TLCK. Pepstatin A and DFP did not affect the enzyme. The enzyme activity was also inhibited by HgCl 2 , ZnCl 2 and CuCl 2 (data not shown). residues, respectively, as shown in Fig. 3 . As the figure shows, we also compared cathepsin S sequence with bovine cathepsin S, carp cathepsin L and other cathepsins to study the homology. It was revealed that cathepsin S sharing homology with bovine cathepsin S and carp cathepsin L were about 63% and 60%, respectively. Figure 3 also shows the sequence homology of the enzyme to those of other cathepsins that belong to cysteine proteases.
Effect of pH of cathepsin S for hydrolysis of Z-Phe-Arg-MCA
The optimum pH of the enzyme for hydrolysis of Z-PheArg-MCA was 7.0, and the activity remained about 70% in pH 5-8 as shown in Fig. 4a . Z-Phe-Arg-MCA hydrolyzing activity was measured described in Materials and methods. One unit of enzyme activity was defined as the amount of enzyme releasing 1 mmol of aminomethyl coumarin per min.
* This value was judged based on the absorbance at 280 nm of high performance liquid chromatography. H Pangkey et al.
DISCUSSION
Cathepsin S was purified from carp hepatopancreas (Table 1 ) and the enzyme migrated as a single band indicating the homogeneity. This is the first purification of cathepsin S from fish. On S-Sepharose Fast Flow column chromatography, the main active fraction of cathepsin S was eluted in the unadsorbed fraction and was separated from cathepsins B and L which were eluted in the adsorbed fractions on the column (Fig. 1a) . From 200 g of carp hepatopancreas, about 0.1 mg of the purified enzyme was obtained. The enzyme was finally purified about 300-fold with 0.7% of recovery, although it was purified 1200-fold on Q-Sepharose column chromatography. The activity of the enzyme might be lost on HPLC at room temperature. Carp cathepsin S did not show the capability of binding to a concanavalin A-Sepharose column (data not shown). Cathepsin S can be separated from cathepsin L by using concanavalin A-Sepharose. Because cathepsin L is bound strongly to this column indicating that cathepsin L is a glycoprotein, this The enzyme was pre-incubated with each compound at the indicated concentration for 5 min at 37°C, and the enzyme activities were measured as described in Materials and methods.
of the single chain of cathepsins B, L and H were 29 kDa, 9 30 kDa 12 and 30 kDa, 25 respectively. In the lysosomal cysteine protease, human cathepsin K, osteoclast-specific proteinase, showed the molecular mass of 37 kDa, one that has high homology with human cathepsin S. 26 However, cathepsin K hydolyzed Z-Phe-Arg-MCA at pH 5.5 and Boc-Gly-Pro-Arg-MCA was the most suitable substrate for cathepsin K. Purified carp cathepsin S did not hydrolyze Boc-Gly-Pro-Arg-MCA (Table 2 ) also at pH 5.5 (data not shown).
The amino acid sequences of NH 2 -terminus of purified cathepsins S and L were determined to be 19 and 11 residues, respectively (Fig. 3) . As shown in Fig. 3 , it revealed that carp cathepsin S sharing homology with bovine cathepsin S and carp cathepsin L were about 63% and 60%, respectively. Figure 3 also shows the sequence homology of the enzyme to those of other cathepsins that belong to cysteine proteases. Carp cathepsins S and L, and bovine cathepsin S share 41% identity with papain. Cathepsin S was thought to be a species variant of cathepsin L (phylogenetically) because of the similar substrate specificity as mentioned below. The homology corresponded to the results of Aranishi et al. 12 and Mason et al. 21 The purified enzyme showed a monomer, such character that corresponds with cathepsin S purified from different species and tissues and also with papain. 2, 22 This physical property makes cathepsin S distinct from other lysosomal cysteine proteases such as cathepsins B, L, and H which are two chain forms, 7, 23 together with cathepsin C which has more than two subunits. 24 The molecular mass of the enzyme was estimated to be 37 kDa by SDS-PAGE showing it is slightly larger as compared with that of cathepsin S from bovine 2 (20 kDa), rabbit 21 (30 kDa) and human spleen 3 (24 kDa). In the studies on other carp cathepsins, molecular mass Fig. 4 Effect of pH on the purified cathepsin S. The enzyme activity was measured as described in Methods using Z-PheArg-MCA as a substrate. Buffer used are sodium acetate buffer (pH 4-6), sodium phosphate buffer (pH 7, 8) and sodium borate buffer (pH 9). (a) pH active curve. The enzyme activity was measured at 37°C for 10 min. (b) pH stability curve. The enzyme was pre-incubated at 20°C for 24 h in various pH, and remaining activities were measured. study revealed that cathepsin S is different from cathepsin L, thus it has a distinct identity.
The purified cathepsin S hydrolyzed Z-Phe-Arg-MCA (100%) and Boc-Val-Leu-Lys-MCA (14%), the same ability shown by carp cathepsin L, 11 cathepsin L-like proteinase 27 and also carp and mackerel cathepsin B. 10 Kirschke et al. also proved that Bz-Phe-Val-Arg-MCA was extremely well digested by beef cathepsin S besides Z-Phe-Arg-MCA. 28 Peptidyl-MCA with aromatic residues and branched hydrophobic residues in the P2 position are a suitable substrate for cathepsins S and L.
The purified enzyme had an optimum pH at 7.0 toward Z-Phe-Arg-MCA and myosin HC (Figs 4a,5b) . One property of cathepsin S by which this enzyme differs from all other lysosomal cysteine proteinases which has to be emphasized is the activity and stability of the active enzyme at neutral pH value. 2 Cathepsins B and L are optimally active toward Z-Phe-Arg-MCA, [9] [10] [11] [12] 21 and myosin HC, [14] [15] [16] [17] 29 under slightly acidic conditions, typically in the range of pH 5-6, and they did not have activity at pH 7.0. It seems that physiological function of cathepsin S is different from cathepsins B and L since pH is a very important parameter for the physiological function. Moreover, the purified cathepsin S hydrolyzed Z Phe-Arg-MCA and myosin HC in a broad pH range (Figs 4a,5b) . Bovine spleen cathepsin S also has a catalytic activity at pH 5.0-7.5. 2 McDonald et al. stated one of the unique characteristics belonging to cathepsin S is the ability to digest protein substrate such as hemoglobin optimally at about pH 3.5 in the presence of pepstatin as well as it having stability under alkaline conditions. 30 This stimulates the possibility that cathepsin S could function equally well extracellularly and intracellularly. This is probably the reason why cathepsin S is found to have a distinct identity and has a more restricted tissue distribution. 31 The activity of the purified enzyme was completely inhibited by E-64, antipain, leupeptin, DTNB and TLCK. Among them E-64 was found as a strict specificity for solely cysteine proteinases. 32 Pepstatin A and DFP did not inhibit the enzyme. These results suggest that the purified enzyme is a cysteine proteinase.
In conclusion, we reported the purification and properties of carp hepatopancreas cathepsin S, which are obviously different from cathepsins B and L.
